The ability to enhance or limit heat transfer between a surface and impacting drops is important in applications ranging from industrial spray cooling to the thermal regulation of animals in cold rain. When these surfaces are micro/nanotextured and hydrophobic, or superhydrophobic, an impacting drop can spread and recoil over trapped air pockets so quickly that it can completely bounce off the surface. It is expected that this short contact time limits heat transfer; however, the amount of heat exchanged and precise role of various parameters, such as the drop size, are unknown. Here, we demonstrate that the amount of heat exchanged between a millimeter-sized water drop and a superhydrophobic surface will be orders of magnitude less when the drop bounces than when it sticks. Through a combination of experiments and theory, we show that the heat transfer process on superhydrophobic surfaces is independent of the trapped gas. Instead, we find that, for a given spreading factor, the small fraction of heat transferred is controlled by two dimensionless groupings of physical parameters: one that relates the thermal properties of the drop and bulk substrate and the other that characterizes the relative thermal, inertial, and capillary dynamics of the drop.
The ability to enhance or limit heat transfer between a surface and impacting drops is important in applications ranging from industrial spray cooling to the thermal regulation of animals in cold rain. When these surfaces are micro/nanotextured and hydrophobic, or superhydrophobic, an impacting drop can spread and recoil over trapped air pockets so quickly that it can completely bounce off the surface. It is expected that this short contact time limits heat transfer; however, the amount of heat exchanged and precise role of various parameters, such as the drop size, are unknown. Here, we demonstrate that the amount of heat exchanged between a millimeter-sized water drop and a superhydrophobic surface will be orders of magnitude less when the drop bounces than when it sticks. Through a combination of experiments and theory, we show that the heat transfer process on superhydrophobic surfaces is independent of the trapped gas. Instead, we find that, for a given spreading factor, the small fraction of heat transferred is controlled by two dimensionless groupings of physical parameters: one that relates the thermal properties of the drop and bulk substrate and the other that characterizes the relative thermal, inertial, and capillary dynamics of the drop.
droplets | wetting | heat transfer | microtexture | feathers A n effective method to rapidly cool a surface is to introduce a stream of cold liquid drops, a process referred to as spray cooling (1, 2) . Spray cooling is advantageous in applications ranging from electronics (3) to cryogenic dermatology procedures (4) . However, there are also situations in which this rapid exchange of thermal energy with droplets is undesirable, such as in ice formation on the wings of an airplane (5), exposure to scalding liquids (6) , or heat lost by animals with wet fur and feathers (7, 8) . Here, there is an effort to minimize heat exchange by designing superhydrophobic surfaces that can rapidly shed drops from the surface (9) (10) (11) . Indeed, a drop impacting a superhydrophobic surface can completely bounce, leaving the surface before all possible heat is transferred. However, there is likely some heat exchanged during the short residence time of the drop, and even a small amount of exchanged heat could become significant following aggregate exposure to multiple bouncing drops.
A similar bouncing phenomenon occurs when a drop impacts a surface that is sufficiently hotter than the drop saturation temperature. Under this Leidenfrost or superheated condition, the drop bounces on a cushion of its own vapor (12, 13) , preventing direct contact between the solid and liquid and severely limiting the efficacy of spray cooling (14, 15) . Models have been developed to predict the partial heat transfer that occurs when drops impact superheated surfaces (16) (17) (18) ; however, it is unclear which aspects of these models, if any, might extend to drops impacting on a superhydrophobic surface when phase change does not occur. In particular, these models typically conclude that the thermal properties of the vapor cushion determine the amount of heat transferred.
Our study addresses how much heat is transferred during the bounce of either a warm or cold water drop on a superhydrophobic substrate in the absence of phase change. Recording the bounce with thermal and high-speed cameras simultaneously enables us to experimentally measure the transferred heat by a single drop over a short residence time. We use candle soot to create a superhydrophobic coating on the substrate, both because it is a simple and effective technique (19, 20) and because the surface properties of soot are highly compatible with thermal imaging. Soot, like other superhydrophobic surfaces, combines chemical hydrophobicity with micro/nanoscale texture, a combination that can support significant air under a water drop (21, 22) . The supported air leads to a large effective contact angle and low contact friction, which together cause an impacting drop to rapidly recoil and completely bounce off the surface (23) . Indeed, if air escaped from the microstructure, the drop would transition from a Cassie to a Wenzel state, and bouncing would not occur (24) . Replacing the vapor layer in previous superheated models (16, 17) with this constant-thickness, air-filled layer predicts the transferred heat Q should scale with initial drop radius R as Q ∼ R 3.5 . This scaling is different from the relation that we find for the superhydrophobic surfaces in our experiments, Q ∼ R 2.75 . We propose two different mechanisms that could result in this scaling: one in which the heat transfer is dictated by a cushion of air separating the drop from the superhydrophobic surface and the other in which the heat transfer is based on direct thermal exchange between the drop and the substrate. To discern these mechanisms, we modify the substrate material in our experiments and the subsequent results support the predictions of the direct contact model. We also demonstrate-on a bird feather-an additional model prediction that, for a given flow rate, a superhydrophobic surface can be cooled faster by small drops than by large ones.
Results and Discussion
The heat exchange between a drop and a substrate during a bounce is demonstrated experimentally in Fig. 1 . A glass slide is coated with a layer of soot with average thickness δ ≈ 30 µm (Fig. S1) . A hot water drop with radius R = 1.2 mm and initial
Significance
A superhydrophobic surface can be so water repellent that a drop can bounce off the surface in milliseconds. By measuring the thermal interaction between a superhydrophobic substrate and a heated or cooled drop, we demonstrate that the contact time is short enough that only a small fraction of potential heat is transferred, and, counterintuitively, smaller drops transfer a larger fraction of their potential heat than larger drops despite contacting the surface for less time. Our results indicate that birds with superhydrophobic feathers will be warmer in cold rain than those with feathers on which drops stick, and we envision that a better understanding of these mechanisms can inspire the design of superhydrophobic materials to control heat exchange. (E) The drop leaves a thermal footprint on the substrate that decays over time. Note that the spatial information from the thermal camera suffers from motion blur due to the 8-ms time response in the uncooled sensor. This exposure time is too long to accurately resolve details during the impact, but is short enough to characterize the thermal footprint left from the drop.
temperature T = 52.7
• C is released from a suspended needle and impacts, at velocity U = 0.74 ms −1 , a soot-coated glass substrate that is initially at ambient temperature Ts = 23.4
• C. Note that the substrate temperature Ts is significantly lower than the saturation temperature for water. Even still, it is possible that the drop might dimple as it nears impact, as has been documented for drops as they approach smooth surfaces (25) (26) (27) , trapping a cushion of air between the drop and the superhydrophobic surface (Fig. 1A) .
When the drop contacts the substrate, the chemistry and submicrometer structure of the soot coating (Fig. 1B) repel the water so that the water drop bounces off the surface. The time that the drop resides on the substrate, defined as the residence time tr , is less than 15 ms (Fig. 1C) . Simultaneous thermal images show that the drop leaves the surface before reaching thermal equilibrium (Fig. 1D) . The drop leaves a thermal footprint on the substrate that decays over time (Fig. 1E) . Due to the 8-ms time response in the uncooled sensor, there is motion blur during drop impact and recoil that is responsible for the apparent smearing of the drop. However, these motion blur effects are negligible over the longer timescales of the substrate footprint decay used in our analysis.
Further details on the impact dynamics are revealed by plotting the contact radius r (t) as the drop spreads and recoils on the superhydrophobic surface ( Fig. 2A) . From high-speed images, the contact radius and residence time are extracted for the drop illustrated in Fig. 1 . The drop spreads out to a maximum contact radius rm that is larger than the initial radius of the drop by a spreading factor of rm /R = 1.24. The drop then recoils until it loses contact with the surface at tr = 11.8 ms. The maximum contact radius rm is known to depend on the Weber number We ≡ ρ U 2 R/γ, a balance of inertial and capillary effects where ρ is the liquid density, γ is the surface tension, and U is the impact velocity (28, 29) . In this paper, we control the Weber number so that the spreading factor rm /R is limited to a range between 1.2 and 1.7. In contrast, the residence time is largely independent of the Weber number (23) and instead scales with the inertial-capillary timescale ρ R 3 /γ. Indeed, the residence time is near the axisymmetric hydrodynamic limit of as the surface returns to its ambient temperature Ts. Here ks and αs are the substrate thermal conductivity and diffusivity, respectively. tr = 2.3 ρ R 3 /γ, suggesting that the soot microstructure does not pin the drop as it recedes (30, 31) and is therefore macroscopically equivalent to a drop bouncing on a vapor layer.
As the drop departs the surface, it leaves behind a thermal footprint on the substrate (Fig. 1D ), which we use to calculate the transferred heat Q. Immediately after an impact, this heat is concentrated near the substrate surface. We measure the average temperature T across the drop contact area for each thermal time-series image, as noted in Mean Temperature Calculation (Fig. S2 ). Plotting this footprint temperature T over time t illustrates that the temperature rises rapidly during impact and then returns asymptotically to Ts with a decay rate of ∼50 ms (Fig. 2B ). For the conditions in this experiment, conductive heat transfer is expected to dominate both convective and radiative heat transfer (Heat Transfer Mechanism). Additionally, during the first 100 ms after contact, the heat would be expected to diffuse throughout the glass substrate by a distance √ αs t ≈ 210 µm, where αs is the thermal diffusivity of the substrate (Table S1 ). Because this distance is much less than the millimeter thickness of the glass and radius of the footprint, this early-time heat transfer can be approximated as one-dimensional and semiinfinite.
After a pulse of energy, the surface temperature of a semiinfinite, one-dimensional substrate decays in time following the classic self-similar equation
where ks is the thermal conductivity and πr 2 m is the contact area over which the energy Q is deposited. For a drop bouncing on a superhydrophobic surface, the energy transfer is not instantaneous; however, the residence time is significantly shorter than the subsequent temperature decay, so the heat transfer can be estimated by fitting Eq. 1 to the average surface temperature in Fig. 2B (dotted line) . For the drop shown in Figs. 1 and 2 , the estimated heat transferred is Q = 10 mJ.
Role of Drop Size and Temperature. To explore the physics underlying the finite-time heat transfer, we carry out a series of experiments in which we systematically vary the drop size R and its initial temperature T . In these experiments, we use water as the liquid and soot-coated glass as the substrate. Additionally, we adjust the impact velocityU to constrain the spreading factor to a range between rm /R = 1.2 and 1.7. Repeating the steps illustrated in Figs. 1 and 2 , we calculate the transferred heat Q for varying drop sizes R and temperature differences ∆T = T − Ts (Fig. 3) . To illustrate the effect of the temperature difference ∆T on the transferred heat Q, the data in Fig. 3 are separated into 10
• C increments, each of which is represented with a different symbol orientation. Note that ∆T is negative when cold drops, rather than hot drops, impact the superhydrophobic surface. The high-speed optical images allow us to identify the spreading factor rm /R for each drop, which are separated into 0.1 increments depicted with symbol color and contrast (Fig. 3) . As the temperature difference, drop size, and spreading factor increase, the amount of heat transferred increases as well.
A key feature of bouncing drops on superhydrophobic and superheated surfaces is the trapped gas or vapor under the drop. If this gas layer acts as a thermal barrier, we might expect the heat flux to scale with an effective barrier thickness δ. For a given spreading factor, this model would predict the amount of heat transferred to scale as the conduction heat flux across the barrierq ∼ kg ∆T /δ-where kg is the thermal conductivity of the confined gas layer-integrated over the contact area ∼R 2 for the duration of the residence time tr ∼ (ρ R 3 /γ) 1/2 . Given the importance of the air-filled microscale roughness on the superhydrophobicity, a natural scale for the thickness δ might be the thickness of the superhydrophobic coating itself, which would not vary with drop size or contact time. From a simple scaling per- The data collapse into single curves for fixed rm/R when the transferred heat Q is normalized by the initial temperature difference ∆T, showing a power-law dependence on the drop radius R. Note that the larger triangle corresponds to the specific drop illustrated in Fig. 2. spective, integrating with a constant gap thickness would lead to
5 . An alternative hypothesis is that the trapped gas within the superhydrophobic microtexture has a negligible influence on the heat transfer and that the heat transfer is dominated by the substrate below. In this case, the heat continues to propagate downward into the substrate as the drop spreads and recoils; the characteristic length is self-similar and grows as √ αt. By substituting this length into the heat flux, we find .
75 . To evaluate this hypothesis, the experimental results for the transferred heat Q (Fig. 3A) are normalized by the temperature difference ∆T and plotted over a logarithmic scale (Fig. 3B) . The data collapse onto a single curve and are more consistent with a power-law scaling of R 2.75 than R 3.5 . It is also possible that the heat transfer is dictated by an air cushion above the superhydrophobic surface and that this gap depends on the radius R in such a way to produce a scaling consistent with Fig. 3B . Specifically, research on the trapped air layer over smooth surfaces (32) indicates that the cushion thickness scales as δ ∼ R(ρ UR/µg ) −2/3 , where µg is the viscosity of the air. For a fixed spreading factor, the impact velocity scales as SCIENCES ECOLOGY
of a dimple, such as a lower temperature in the center; nevertheless, both the direct-contact and air-cushion models are consistent with the power-law relationship in Fig. 3B . To adequately discern between these models, we rely on differing predictions for the role of the underlying substrate. In particular, the direct-contact model would be expected to depend on the substrate thermal properties, and a more detailed analysis of this dependence is developed in the next section.
Predicting the Amount of Exchanged Heat. The mechanism of finite-time heat exchange between a drop and a superhydrophobic substrate in the absence of a gas layer and coating can be modeled analytically. Here, we approximate the energy evolution as one dimensional and consider conduction as the main mechanism of heat transfer (Heat Transfer Mechanism). If we model the heat fluxq(t) and contact radius r (t) as decoupled, then the total heat transferred by a single drop over a residence time tr can be estimated as Q = tr 0q (t)πr (t) 2 dt. The contact radius initially spreads to a maximum radius before retracting back to zero. These spreading and retraction dynamics can be approximated (1) using the relation r (t) = 2rm t/tr − (t/tr ) 2 .
To calculate the heat fluxq(t), we model the drop and substrate as two semiinfinite bodies at different initial temperatures, T for the liquid and Ts for the substrate, that are brought into contact and achieve temperature equality at the contact surface, T (z = 0, t) (Fig. 4A) . For conduction-dominated heat transfer, this semiinfinite approximation is appropriate when the thermal diffusion length √ αtr is less than the thickness of the material. Provided that the drop does not spread too thinly, this condition is met for both the drop and the substrate during their rapid contact.
By imposing the condition that the two bodies have an equal contact temperature during contact time, the standard heat equation can be solved analytically (33), revealing a time-independent contact surface temperature of T (z = 0, t) = (k ρcp) T + (k ρcp) s Ts (k ρcp) + (k ρcp) s . Here cp is the specific heat and the subscripts s and denote the properties of the substrate and liquid, respectively. It follows from the self-similar analysis that the heat flux into the substrate iṡ q(t) = ks (Ts − T (z = 0, t))/ √ παs t. Combining the relations for the heat flux and the contact radius, the amount of heat transferred Q = tr 0q
From a scaling perspective, Eq. 2 is equivalent to the relation Q/∆T ∼ R 2.75 presented in the previous section and thus also consistent with the data in Fig. 3A . However, in addition to providing a coefficient, Eq. 2 also provides falsifiable predictions into how the spreading factor and material properties of the liquid and the substrate affect the heat transferred.
A natural way to nondimensionalize the transferred heat Q is to normalize it by the maximum possible heat transfer mcp∆T , where m is a drop mass. Noting that m = .
[3]
In this form, it becomes clear that for a given spreading factor, the model predicts that the fraction of potential heat transferred is controlled by two dimensionless parameters: one relating the thermal-inertial capillary dynamics of the drop ρ α 2 /Rγ and the other relating the thermal properties of the material The first dimensionless group identified in our analysis, ρ α 2 /Rγ, may be interpreted as the square of the ratio of residence time tr ∼ ρ R 3 /γ to the thermal diffusion time t d ∼ R 2 /α . For millimeter water drops, ρ α 2 /Rγ is of the order of 10 −7 , which implies that the drop bounces ∼2,000 times faster than the time needed for the heat to thermally diffuse across the drop. The stark difference in timescales supports the semiinfinite approximation. Furthermore, the scaling highlights the competing influence of drop size. A larger drop will have a longer residence time than a smaller drop; yet the increase in diffusion time is greater and therefore the ratio of these timescales tr /t d decreases. These two timescales become comparable for sufficiently small drops; yet for water, this size is less than a nanometer or near the molecular scale. Therefore, we would expect ρ α 2 /Rγ 1 for most water drops and comparable liquids.
The other control parameter identified in our analysis is the material factor defined as M = k √ αs /ks √ α . This factor relates the thermal heat transfer between the liquid and the substrate and therefore depends solely on the thermal properties of these two materials. If the substrate transfers heat significantly faster than the drop, then the heat transfer is rate limited by the drop and M → 0; whereas if the substrate transfers heat slower than the drop, then the heat transfer is rate limited by the substrate and M → ∞. For a water drop on a glass substrate, the relative heat transfer rates are comparable and M = 1.
The experimental results illustrated in Fig. 3 are rescaled in terms of the dimensionless groups presented in Eq. 3 alongside the theoretical prediction for a spreading factor of rm /R = 1.4 (Fig. 4B ). The theoretical model is able to predict not only the scaling trend in the data, but also the prefactor; both experiment and model indicate that ∼1% of the available heat is exchanged during the bounce of a millimeter-sized water drop on a superhydrophobic-coated glass substrate. Additionally, as the spreading factor rm /R is increased, holding the other parameters constant, the amount of heat transferred increases as well, as predicted in the model.
Returning to the two potential models proposed earlier, the direct-contact model depends on the substrate thermal properties, whereas the air-cushion model does not. Specifically, the model predicts that less heat would be exchanged by the bouncing water drop if the glass substrate were replaced by more insulating materials, such as synthetic rubber (M = 2.6) or natural wood (M = 4.2). To test this prediction, we repeat the experimental procedure with neoprene rubber and pine wood instead of glass. The measured thermal properties of these materials are provided in Table S1 . A thin superhydrophobic layer of soot is coated on the rubber and wood substrates following the same procedure used for the glass substrate. Thus, the superhydrophobic surfaces in all samples were identical, whereas the underlying substrates differed. Experimental data for heated water drops bouncing on the rubber (square symbols) and wood (circle symbols) are plotted along with the theoretical predictions (Fig. 4B) . The results confirm that the substrate material-even under a layer of soot-affects the amount of heat exchanged Q during the drop bounce, providing evidence for the direct-contact model.
An interesting feature of the direct-contact model is that, counterintuitively, a smaller drop can transfer a larger fraction of its potential heat than a larger drop even though the smaller drop is in contact with the surface for less time (Fig. 4B) . This result is a consequence of the self-similar conductive heat transfer into the drop and substrate. Indeed, the opposite trendlarger drops transferring a larger fraction of potential heatwould be expected if the heat transfer was regulated by a layer of trapped gas with a fixed depth. These trends are further complicated if the spreading factor rm /R also varies. Nevertheless, our findings taken at a constant spreading factor (Fig. 4B) illustrate an important concept: Smaller drops may contact the surface for a shorter time than larger drops, yet during this time, the smaller drop encounters a larger average heat flux from the self-similar conduction.
Cooling from Multiple Drops. Although the focus of this paper has been on the heat exchange of individual drops, most applications involve multiple drops. For example, many birds have feathers that are superhydrophobic (7, 21) ; however, exposure to cold rain can adversely cool a bird (34, 35) and in extreme cases has been linked to hypothermia and death (36, 37) .
Our results measuring the small fraction of potential heat exchanged with a drop on a superhydrophobic surface (Fig. 4) suggest that a solid body would be noticeably warmer throughout a cold shower if drops rapidly bounced off the surface rather than becoming stuck. Additionally, these results suggest that at the same flow rate, the bouncing of smaller drops would exchange more heat than that of larger drops, provided that the spreading factor for the smaller drops was similar to or greater than that of the larger drops.
To evaluate these predictions, we measure the temperature T on the underside of a suspended duck feather on top of which a steady stream of drops impacts. These feathers (Fig. 5A) have a barb and barbule microtexture (Fig. 5B ) that enables their natural superhydrophobicity. We compare identical experiments on a feather that is superhydrophobic and a feather that has been made superhydrophilic through plasma irradiation (38) and indeed find that the undersides of feathers are warmer when cold droplets bounce rather than stick (Fig. S3) .
A superhydrophobic feather can also be used to explore the extent that drop size might affect the amount of heat transferred. To explore this possibility, two streams of drops were released simultaneously, one larger (R ≈ 2 mm) and one smaller (R ≈ 1.1 mm), with identical flow rates 1 mL/min and similar spreading factors rm /R ≈ 1.3 and 1.7, respectively (Fig. 5C ). Here the drops were at the ambient laboratory temperature 26
• C, whereas the feather was heated to 40
• C, the approximate body temperature of a bird (39) (Fig. S4) .
A time-averaged thermal image from below the feather (Fig.  5D ) reveals that the regions under which the large and small drops fall are indeed cooler than the surrounding regions, even though the drops are the same temperature as the ambient air on the top side of the feather. The locations under which the drops fall, as well the midpoint between these two locations, are denoted with black circles in Fig. 5D . The average temperature within these circled regions varies with time (Fig. 5E ). Before the experiment begins (t < 0), the temperature within these three regions is indistinguishable. As drops bounce off the feather, the midpoint temperature remains steady whereas the temperature on the opposite side from where the drops fall cools. These temperatures fluctuate, with the region associated with the smaller drop having a lower average temperature than that of the larger drop.
Closer inspection of these temperature fluctuations reveals that they are periodic (Fig. 5E, Insets) . Indeed, the period of 2 s for the large drops and 0.3 s for the small drops corresponds precisely with the time interval between the dripping of the large and small drops, respectively, providing additional evidence that the cooling corresponds to the droplet bounce events. Although the cooling from these drops might seem insignificant, it should be noted that the ambient temperature and water drops are relatively warm (T ≈ 26
• C). More significant temperature drops would be expected in colder conditions. Indeed, identical experiments conducted outdoors in colder weather (T ≈ 3.9
• C) resulted in significantly greater cooling when the drops bounced on the heated, superhydrophobic feather (Fig. S5) .
Conclusion
The findings presented in this study add insight into the finitetime heat transfer that occurs when a hot or cold drop bounces on a superhydrophobic substrate. We demonstrate experimentally and theoretically that a small fraction of available heat is exchanged when a water drop impacts and bounces off a superhydrophobic substrate and that the heat can be modeled as being directly exchanged with the solid substrate. A consequence of this direct exchange is that a greater fraction of available heat is exchanged for smaller than for larger drops, even though larger drops are in contact with the surface for a longer period. Equally significant is the role of the substrate material in the amount of heat exchanged. We highlight how such principles extend to a more general case of multiple bouncing drops and identify dimensionless parameters that can guide the design of nonwetting materials for which heat exchange with impacting drops may be a factor, such as weather-related fabrics. In the context of avian hypothermia associated with cold rain, past work has indicated that feather water repellency mitigates evaporative cooling (40); our results highlight another important mechanism associated with this process: direct heat exchange with the rain itself.
Materials and Methods
Experimental Methodology. High-speed images are captured using a Photron camera with a frame rate of 10,000 frames per second and a 200-mm Nikon lens. A fiber-optic light source provides cool, high-intensity light to the samples during high-speed imaging. Thermographic images are simultaneously recorded with a thermal camera at a frame rate of 200 frames per second with a close-up IR lens. To control the water temperature, a water bath is connected to a syringe that can eject a single drop on demand. The drop velocity is controlled by varying the height of the needle above the substrate. Velocity adjustments are made to limit the range of the spreading factor rm/R. In the cooling from the multiple-drops experiments, the feather is suspended by using a stand and clamp. The top of the feather is subjected to two sets of water drops released from two different sizes of needles. A constant flow rate for both sets of drops is maintained with a dual syringe pump. Finally, a heat gun is used to heat the feather from below.
Substrate Material Characterization. To measure the heat capacity of the substrate material, thermal analysis is conducted with a Q2000 differential scanning calorimeter (DSC). The DSC sample measurements are referenced against pure indium metal and evaluated over a range of 15−45
• C, following standard procedures (41) . The heat capacity and density of glass, rubber, and wood are measured experimentally and the thermal conductivity values are obtained from the literature (42) (43) (44) .
